Disturbance and disaster scenarios prevent the normal utilization of mobile networks. The aim of this study is to maintain the availability of cellular networks in disturbance scenarios. In order to extend the disaster time functionality, energy usage optimization is needed to maintain reasonable coverage and capacity. Simulations performed with different network layouts show the effects of choosing only a portion of evolved node B (eNB) macrosites to operate at a time. Different sets of three to nine threesectored eNB sites are selected to study how the network would perform with a limited number of eNB sites. Simulation results show how the mobile network availability duration can be sustained by selecting a set of eNB sites to operate at a time and still maintain a reasonable service level and availability in disturbance scenarios. An increase of 100% to 500% can be achieved in the duration of "backup coverage" in cellular networks with backup batteries when the percentage of active eNB sites is reduced down to 20%.
Introduction
Disaster and disturbance scenarios usually occur without a warning. Whether they are natural weather-based storms or disasters caused by human, such as accidents or sabotage, the effects can be devastating and usually prevent the normal utilization of mobile networks. Typically, storms are the cause of blackouts in electrical grids [1] ; furthermore, they have an impact on public safety and commercial mobile networks, thus yielding service and communication outages in urban and rural areas. This can eventually prevent citizens from requesting emergency help in these outage areas. In addition, maintenance and rescue teams can not communicate through commercial mobile networks and have to have a separate communication system.
Service outages in mobile networks are mainly caused by (storm-related) power outages. In order to enable some service in these cases, evolved node B (eNB) macrosites are typically supplied with backup batteries. These reserve energy resources provide power to run eNBs, but only for a limited time period. In Finland, this corresponds to 2-4 hours, as required by the Finnish Communications Regulatory Authority [2] . After strong weather phenomenon, in the worst case, the repair-work may take several days resulting in the unavailability of commercial cellular networks that may also endanger rescue operations. An alternative is to have aggregates over the network or at certain critical eNB sites, to guarantee their electricity supply for a longer period of time. Because aggregates are slightly costly to be supplied and used at every site, some optimization is needed in a similar way as in the case of battery backups; that is, how many aggregates should be enough to enable sufficient cellular network coverage? Moreover, in case of longer term of electrical cut-offs (i.e., over one day), aggregates are eventually required to guarantee (cost-efficient) mobile network communications in disturbance scenarios.
Another type of critical discontinuity in mobile networks may happen due to major malfunctions in the core transmission network, major damage in the core network elements, such as controllers, or in the switching functions. These malfunctions can also be caused by sabotage or a cyberattack, which may cause very wide discontinuity in the whole mobile communications network. However, these are out of the scope of this study as this paper is concentrating more on optimizing the backup energy utilization.
Some solutions for mobile communications have been proposed to manage these disturbance and disaster scenarios to improve the resiliency of mobile networks. In Japan, the so called critical sites have been implemented in urban areas to durable high-rise buildings [3] with at least 24 h backup batteries to give continuous service, for example, in case of disasters. High altitude platforms (HAPs) [4] have been discussed earlier as a possible solution to provide service coverage in the case where hurricanes and tornadoes have destroyed the existing infrastructure of a cellular network in the disaster area. This idea has been even taken further with Google's project Loon, which targets to provide worldwide Internet access through HAPs, implemented with balloon platforms [5] . Also Facebook has their HAPs approach in their internet.org project [6] . Instead of utilizing balloons, Facebook relies on solar powered drones.
There are also solutions to utilize satellite communication services for disaster areas although these systems are rather expensive and might not work inside buildings. Moreover, temporary movable networks, like mobile ad hoc networks (MANETs), are a popular research area for disaster scenarios as seen from publications on the topic in [7] [8] [9] . Many of these solutions are replacing the existing infrastructure with a new one instead of trying to improve it.
In this paper, the aim is to utilize the traditional macrocellular network infrastructure and extend the availability of the network several times from the current backup time when the electrical grid is down and the mobile network relies on backup power. This is possible with an approach, where only a portion of the eNB sites are utilized at a time and switched to another set of sites when the first set runs out of energy. This differs from a traditional sleep mode technique where the nonactive eNBs are not utilized at all during the "sleep time" to save as much energy as possible, which is important in disturbance situations. This will obviously degrade the coverage availability and capacity, but disturbance and disaster scenarios require exceptional methods to enable even some service as long as possible. Only macrosites are considered in this study because small cells are usually available only within cities and they are not equipped with backup power. Maintaining reasonable coverage for disturbance scenarios in both urban and rural areas is emphasized; that is, the focus is on having more resilient mobile networks. Long term evolution (LTE) is utilized in the simulations with evolved UMTS terrestrial radio access (E-UTRA) operating bands 20 and 3 (800 MHz and 1800 MHz) for rural environment. E-UTRA bands 3 and 7 (1800 MHz and 2600 MHz) are utilized for urban environment. All of the considered frequency bands are frequency division duplex (FDD) channels.
Related Work
This work is related to at least two different energy-saving concepts: cellular networks with sleep modes and green cellular networks. However, the idea of these concepts is not utilized in the traditional way. This paper utilizes the idea of saving energy only in disturbance situations, that is, in disaster scenarios in the following manner: saving energy by utilizing only a portion of the eNB sites to provide "backup coverage" to areas where the electricity supply from the grid has been (temporarily) cut off, for example, due to strong weather phenomenon. Thus, this study goes beyond the state of the art for utilizing mobile network backup energy as this kind of approach has not been proposed for disturbance situations.
The idea of green cellular networks is to have sustainable development in cellular networks towards utilizing sustainable energy sources and taking into account environmental aspects. This usually relates to favouring renewable energy resources to reduce the carbon footprint of cellular network infrastructure or saving energy by reducing the energy consumption of base stations in some manner. Green cellular networks are nowadays studied widely and several publications are available in this field. The authors in [10] , for example, present a survey on the state of green cellular networks and the possible challenges they currently have. The largest power consuming part of cellular networks is base stations, as presented in [11] . Furthermore, the largest part of base station power consumption comes from power amplifiers (50-80%) [12] .
The traditional sleep mode concept has been studied, for example, in [13] , where the effect of one or more base stations turned to "sleep" is studied. A case study of dynamically switching off base station sites is presented in [14] , where the authors show great energy saving in the cellular network during low-traffic periods. One of the most recent wide surveys on these energy-efficient base stations, that is, base station sites with sleep modes as well as green cellular networks, is presented in [15] . The authors present an extensive list of recent publications on these topics and discuss the assumptions and simplifications utilized in these papers to show the great effect they can have in the achievable benefits in actual networks.
Most of the traditional sleep mode techniques consider only a "normal" network utilization. This is because the idea behind most sleep mode techniques is based on saving energy in the low-traffic time periods during the day and usually the sleep modes are only considering these circumstances. This does not necessarily mean that these techniques could not be utilized during disturbance scenarios. However, it should be highlighted that traffic load increases during disturbance scenarios as people try to contact other people from these areas (and vice versa) and utilize the mobile network to search for information regarding the cause of the disturbance situation. Thus, algorithms based on low-traffic network utilization would not work during these events.
A modified sleep mode concept in cellular networks is the main approach utilized in this paper for the functionality of eNB sites operating only with backup power (i.e., during a disturbance scenario). However, during this sleep mode, the eNB sites just wait for their turn to power on, not broadcasting anything during this time. This way, for example, power amplifiers and air conditioning are not needed and signal processing power requirements are very low as there is nothing to transmit or receive during the sleep time. Thus, the power consumption of these "sleeping eNB sites" is very marginal. This is more effective in saving energy than having traditional sleep mode techniques, where the eNBs "wake up" to check the situation every now and then. The approach utilized in the paper does not take into account traffic loads, instead the target is to find out what would be the effect of selecting only a portion of the available eNB sites to the network performance. Moreover, the study does not include algorithms in how to actually select the usable eNB sites (although the selection of eNB sites is based on choosing some eNB sites evenly within a target area).
Radio Network Planning
Radio network planning is a process to design the best possible wireless communication network such that coverage, capacity, and the quality of service meet (and exceed) the requirements set by the amount of subscribers in a target area. In order to maximize these aspects, a radio network planner needs to pay careful attention to some very important factors. These include the environment, which defines the propagation slope, the model utilized to calculate the maximum path loss, and the network layout in terms of base station locations with respect to other base stations.
Network Layout.
The performance of a cellular network depends on many factors and one of the important factors is the used network layout or more precisely the used tessellation. Ideally, tessellations form a continuous network that has raster-like properties. This means that the layout has symmetric shapes regarding the positions of the eNB sites and antenna directions. The half-power beamwidth (HPBW) of the used antennas also affects the choice of tessellation, but for a 65 degree HPBW antenna the cloverleaf tessellation is the most optimal choice [16] . It is the most commonly used tessellation in Europe and an example of it with seven eNB sites is presented in Figure 1 . Figure 1 shows that every eNB site antenna is pointed directly towards one of the closest neighboring eNB sites. However, this is done in such a way that the antenna beams are pointed in between two other antenna beams thus reducing interference as much as possible.
Propagation Model.
Coverage of a mobile network is defined as a geographical area, where the eNB and user equipment (UE) can still communicate with each other. Coverage estimations can be calculated with reasonable accuracy, for example, by using a well-known Okumura-Hata prediction model equation (or its extended version, the COST-Hata model) [17] : is an area correction factor. Before the Okumura-Hata model can be used to get the maximum cell distance, some link budget calculations are needed to define the maximum path loss between the eNB and UE.
It should be noted that the Okumura-Hata model (1) has to be tuned for every environment separately to get more accurate results. In addition, the area correction factor, , has to be set regarding the propagation environment morphological values. Correspondingly, the propagation slope, which is defined by ( −6.55⋅log 10 (ℎ eNB )), has to be set regarding the eNB antenna height and the wanted propagation path loss exponent by tuning the constant.
Planning Thresholds.
Planning thresholds are used together with propagation prediction models to calculate the maximum path loss in the link budget. The main planning threshold value is the slow fading margin [18] . It is calculated from the standard deviation of the slow fading, the propagation slope, and the coverage probability for the service.
It should also be addressed whether the radio network coverage is designed for outdoor or for indoor usage. When designing a radio network with outdoor macrocells, and there should also be some indoor coverage, some additional planning thresholds are needed. First, the value of slow fading margin should be increased and then the building penetration loss should be added to the link budget calculation in order to expect more realistic predictions.
One example of a typical average distance between neighboring eNB sites, that is, intersite distance (ISD), is 750 m in urban and 7500 m in rural environment [19] . While maintaining the antenna height and moving eNB sites closer to each other, more coverage overlapping occurs. This means that areas with coverage from one eNB site have coverage also from other neighbor eNB sites. In rural areas, the coverage overlapping is minimized because of large ISDs and, respectively, in urban areas there is more coverage overlapping because of shorter ISDs; that is, the eNB sites are close to each other. This means that the possibilities to decrease the number of eNB sites and still have available coverage should be greater in urban areas than in rural areas, but this depends heavily on the configuration of the network. requested services. Since mobile network cells are shared mediums, the available capacity per UE depends on the total number of mobile network subscribers within the serving cell and the data throughput each UE requests. To expand this limited capacity, more channels, that is, additional frequency bands, can be utilized together with different technologies. Thus, recent implementations include several frequency layers (bands) and technologies at one eNB site [20] . An example of this would be a base station site that has a GSM base station, a UMTS base station, and a LTE base station (eNB) and each of these technologies would operate on at least two different frequency bands. These could be, for example, GSM operating at 900 MHz and 1800 MHz, UMTS operating at 900 MHz and 2100 MHz, and LTE operating at 800 MHz and 2600 MHz. To maximize availability and thus to minimize the required electrical power, several technologies, for example, GSM and UMTS, and several frequency layers should be switched off (e.g., only the lowest frequency band of the remaining technology is utilized for service, such as LTE 800 MHz) and still certain services such as short messages, speech, or limited data services should be maintained (depending on the available technology and its capabilities). This results in conserving backup power in crisis situations but still enables services for subscribers for a longer period of time compared with a situation where eNB sites would continue to operate normally and quickly consume the available reserve energy.
Simulations
Link-level simulations were implemented using commercially available radio network planning software called ICS Designer. The area was a randomly picked and relatively flat area in France, which had a 25 m resolution digital elevation map as shown in Figure 2 . After the simulation results were obtained, they were exported into Matlab software for further analysis and visualization.
Simulation Setup and Environment.
All simulations were based on a macrocellular cloverleaf tessellation with eNB sites that had three sectors. A conventional eNB grid of 19 sites was used as a reference case, which has one eNB site in the middle and two tiers, first tier with six sites and second tier with twelve eNB sites, around it forming a hexagonal grid. All eNB sites in the original layout had an equal ISD of 500 m for urban environment and 4000 m for rural environment. Circular areas with 1.25 Km and 10 Km radii from the centre eNB site were the base "area of interest" for the analysis. In total 57 cells were the maximum amount of cells in one area. In order to take into account sites outside the target area, three more tiers of eNB sites were placed around the central grid of eNB sites. Thus, continuous coverage was formed such that the selection of eNB sites was repeated around the target area to avoid errors in the edge areas of the calculation area.
The antenna height values of 20 m and 40 m with fivedegree antenna tilting were used in the simulations. The horizontal antenna HPBW was 65 degrees with 17.22 dBi gain for eNB sites while UE antennas were omnidirectional antennas with 0 dBi gain. Okumura-Hata model was used for calculating the path loss values in the simulations. Fading was taken into account with log-normal distribution having zero mean and 9 dB standard deviation. All key parameters regarding the simulations are presented in Table 1 . The distribution of transmit power to different LTE downlink physical channels is visible in Table 2 .
Simulation Scenarios.
Simulation scenarios had a large number of different types of network layouts. The idea was to find suitable configurations to achieve good enough coverage for the simulation area and at the same time minimize the service outage. The cellular network can function for an extended period of time when only a part of the network is working on backup energy at a time. In order to reduce the number of different possible combinations which would be possible for a set of eNB sites, the number of different kinds of sets out of all possible sets was reduced. If all possible combinations would be considered, the maximum number of different sets (in any order), for example, with nine eNB sites out of 19 eNB sites would be ( 19 9 ) = 92 378, and even three eNB sites out of 19 eNB sites would have ( 19 3 ) = 969 different sets. Thus, the number of different sets was set at a small amount, six in this paper, to study how the performance of the network behaves as a function of available eNB sites. The focus is especially to study having less than half of the eNB sites per studied area. The eNB sites chosen for a set were based on spreading the available sites as evenly as possible to the studied area, since, for example, choosing only the three closest eNB sites from one "corner" of the grid would results in the uneven distribution of backup coverage in the target area of interest. Figure 3 shows how eNB sites were chosen for three to nine eNB site cases. As can be seen, the eNB sites were chosen in a way to be able to serve the target area as evenly as possibly. An example of service probability with two different sets of six eNB sites is visualized in Figure 4 . Figure 5 shows the mean reference signal received power (RSRP) level, Figure 6 the mean service probability, and Figure 7 the average signal-to-interference-and-noise ratio (SINR) with respect to the number of eNB sites. Figures  8 and 9 present the average area throughput to study the available capacity with respect to the amount of eNB sites. The corresponding exact values are presented in Tables 3 and 4 .
Results
The mean RSRP values in Figure 5 show that as the number of eNB sites grow the average RSRP increases, which is expected. Rural environment with E-UTRA band 3 (1800 MHz) has the lowest average RSRP values and correspondingly rural environment with E-UTRA band 20 (800 MHz) has the highest RSRP values. The average values of RSRP are clearly different for all cases. First of all, the environment type with different antenna heights for the rural and urban areas has a huge impact on the average RSRP values, since the antenna height for the rural area is two times the height of the urban area. Next, another important factor is the utilized frequency; that is, for rural area, the higher frequency band is more than twice the utilized lower frequency band. In the urban cases, the higher frequency band is less than twice the utilized lower frequency band; thus, the differences between the average RSRP values for the two rural cases is more dramatic than the corresponding differences for the two urban cases. Finally, the urban case is also affected by the buildings, thus lowering the average RSRP values. In this study, the lowest value was −82.68 dBm with 15.79% of eNB sites available. Figure 6 presents the average probability of having backup coverage in the different cases. The lowest probability of having service coverage was with E-UTRA band 7 (2600 MHz) in the urban environment. The lowest value was 55.44% with 15.79% of the eNB sites available. Thus, although the urban area had denser eNB site placement than the rural area, the coverage areas with a higher frequency band are quite limited as well as overlapping areas. This is mostly because the attenuation is higher in the urban environment (with buildings) as well as in a higher frequency band. When the same frequency band was utilized in both the urban and rural environment, the urban E-UTRA band 3 had slightly higher probability of having a service than its rural counterpart (rural E-UTRA band 3). The highest service availability was achieved with the lowest frequency, E-UTRA band 20 in the rural case, where the probability of having a service was over 80% even with the lowest number of eNB sites (15.79%). In order to have over 80% probability of (backup) coverage in other cases, E-UTRA band 3 cases (1800 MHz) would need around 26.32% in urban and 31.58% in rural scenarios and E-UTRA band 7 (2600 MHz) around 50% in the urban environment.
When the exact values are observed from Table 3 as a function of available eNB sites, the differences between different E-UTRA bands and environments are easy to compare as well as the differences between each parameter. Intuitively thinking, each parameter (RSRP, service probability, and SINR) should have a better value as the percentage of eNB sites per area is increased and in general this is observed in Table 3 . The only difference is the utilized lower urban frequency band (1800 MHz), where the average SINR value is slightly increased when more than 31.58% of eNB sites are utilized. However, this increase stops after more than 42.11% of eNB sites are utilized.
In Figure 7 , the mean SINR values are presented. It can be noticed that, in rural environment, the achievable values are higher than in urban cases, mostly because of low interference 6 Mobile Information Systems from less dense eNB site placements; that is, the minimum ISD is 4000 m. When more eNB sites are available, the average SINR degrades because of the increased interference levels. Figures 8 and 9 show the average throughput per area. As can be noted, the available average data rates are much higher in urban cases since the ISD is much lower; that is, the network is much denser. It should be remembered that the loading of the network was set to 75%; thus only 37 resource blocks were available out of 50 resource blocks available in the 10 MHz bandwidth for LTE.
Conclusions and Discussion
In this paper, the availability of mobile networks in disturbance scenarios was studied by simulating different network layouts for macro-eNB sites. Thus, a solution for improving the cellular network functionality in disturbance situations was presented, which is a very important topic in the resilience of mobile networks. The target of the simulations was to find out how a limited network configuration would perform in terms of coverage and capacity with mobile network availability (without adding additional backup power sources). This minimum configuration can be utilized with battery backups to extend the network availability called backup coverage. As the name suggests, this exceptional state of the network cannot have "normal" service availability as the goal is to provide "acceptable" or at least some coverage that would last much longer than initially. This would mean that some areas would not have coverage at every time instant during the backup coverage time window, but since the operating sets of eNB sites are cycled over time, all areas would have a certain time window when the service is still available. Thus, only 20% to 42% of eNB sites are needed in order to achieve approximately 75% availability in urban areas. Correspondingly, 15% to 25% of eNB sites are needed in rural areas for the same availability. This means that of eNB site layouts with heterogeneous networks (besides macro eNB sites, there can also be micro eNB sites and small cell eNB sites). In order to get some idea about the effectiveness of the approach utilized within this paper, the authors in [21] present a comparable sleep mode technique, where part of the eNB sites remains active all the time and part of the eNB sites can switch to sleep mode. The results in the study suggest that on average the power savings from an actual network implementation would be from 7.38% to 27.72% on a 24 h time period. Thus, although still not directly comparable, the energy savings are clearly a lot less than in the approach utilized in this study. The difference is mostly explained with the fact that the sleep mode technique is designed to keep high quality of service (QoS), that is, high service availability. In this paper the requirements for QoS are clearly lower since the idea is lower QoS to enable even some sufficient service level for a clearly longer period of time by aggressively saving energy. Although it seems that there would be more overlapping in the rural areas, it should be noticed that the service availability is higher in urban areas when the same E-UTRA frequency bands are utilized (band 3). This indicates that the operational time of the backup coverage in urban areas would last somewhat longer. Thus, the achievable gain is strongly related to the overlapping rate of neighboring cells which is also defined by the utilized frequency band as well as the configuration of the eNB sites.
The studied availability can be reached in existing networks by utilizing existing configurations and resources by adding only controlling units. Moreover, the achieved results assume that transmission lines and core networks are properly functioning (which is usually the case, at least in Finland, as the backhaul element backup power regulation is stricter than for eNB sites by a factor of 2-6 [2]), and thus more specific solutions need to be proposed to maintain their availabilities in case of disconnections. It should be noted that, in real operational networks, the selection of eNB sites is not so straightforward. The geographical distribution of eNB sites is not symmetrical and only roughly follows the cloverleaf tessellation. Moreover, this study only showed how the network would perform if each eNB site was independent of another eNB site; that is, the study did not take into account the possible backhaul connection limitations of linked eNB sites. This would have more serious effects within rural environments where wireless microwave links are utilized more frequently compared with urban areas, where wireless links between eNB sites rarely exist. The results are valid only for the given configuration; however, they were chosen so they represent possible real-life implementations and provide insight on the level of service availability with a limited cellular network configuration.
The future work on this topic will consider more practical eNB site layouts; that is, the distribution of sites will be closer to real-life implementations with more clustered locations of eNB sites. Moreover, the effect of wireless microwave links, that is, the backhaul connection, will also be taken into account based on an operational cellular network operator.
